Diverse microbial assemblages inhabit amphibian skin and are known to differ among species; however, few studies have analysed these differences in systems that minimize confounding factors, such as season, location or host ecology. We used high-throughput amplicon sequencing to compare cutaneous microbiotas among two ranid frogs (Rana dalmatina, R. temporaria) and four salamandrid newts (Ichthyosaura alpestris, Lissotriton helveticus, L. vulgaris, Triturus cristatus) breeding simultaneously in two ponds near Braunschweig, Germany. We found that bacterial communities differed strongly and consistently between these two distinct amphibian clades. While frogs and newts had similar cutaneous bacterial richness, their bacterial composition strongly differed. Average Jaccard distances between frogs and newts were over 0.5, while between species within these groups distances were only 0.387 and 0.407 for frogs and newts, respectively. At the operational taxonomic unit (OTU) level, 31 taxa exhibited significantly different relative abundances between frogs and newts. This finding suggests that chemical or physical characteristics of these amphibians' mucosal environments provide highly selective conditions for bacterial colonizers.
Introduction
The mucosal environment of amphibian skin provides a habitat in which microbes can live. These microbial assemblages form communities that interact and can provide functional benefits for the host, including protection against skin pathogens, such as Batrachochytrium dendrobatidis (Bd) [1] . Numerous studies have 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original author and source are credited.
Results
Species richness and phylogenetic diversity differed across amphibian species and not between locations (figure 1). This species effect was driven by R. dalmatina exhibiting lower richness and diversity than the other species (table 1). There was no main effect of amphibian order for Chao1, OTU richness or phylogenetic diversity; however, there was an effect for Shannon diversity (ANOVA, F 1,138 = 9.479, p = 0.002). Newts harboured a greater diversity with respect to the Shannon Index.
The cutaneous bacterial community structure differed between frog and newt hosts at both Elm and Kleiwiesen (figure 2, PERMANOVA Pseudo-F = 31.072 (Elm), 8 .4498 (Kleiwiesen), p (MC) = 0.001), while no significant differences were observed between species within their respective amphibian orders (figure 2, PERMANOVA, Pseudo-F = 1.327 (Elm), 0.8123 (Kleiwiesen), p (MC) > 0.05). The average Jaccard distance between samples of amphibian groups was 0.546 ± 0.067 (s.d.) and 0.528 ± 0.069 (s.d.) for Elm and Kleiwiesen, respectively. Within each amphibian group, the average Jaccard distance across both localities was 0.407 ± 0.095 (s.d.) and 0.387 ± 0.07 (s.d.) among newt samples and frog samples, respectively. More closely related newt species (i.e. those from the same genus) were not more similar to each other than to other species from different genera. Pair-wise distances between species are provided in table 2.
Frog and newt bacterial communities were composed of many of the same families, but the relative abundances of these taxa differed (figure 2b). Flavobacteriaceae (Frog/Newt: 33.4/15.8%), Enterobacteriaceae (12.3/1.7%) and Moraxellaceae (12.7/1.2%) exhibited greater relative abundance on frogs, while Pseudomonadaceae (8.4/20.7%), Comamonadaceae (4.2/10.8%), Xanthomonadaceae (2.0/7.9%) and Oxalobacteraceae (1.2/3.6%) were more abundant on newts. The pond water was composed of the following dominant groups: Flavobacteriaceae (Elm/Kleiwiesen: 17.1/20.2%), Figure 1 . Richness and diversity of skin microbial communities across species at the two sampling sites, Elm and Kleiwiesen (both close to Braunschweig, Germany), using four metrics: OTU richness, Chao1, Shannon diversity and Faith's phylogenetic diversity. Amphibian species are presented with the species sampled at both sites first, followed by those only sampled at one location within each amphibian order and site. Main effect ANOVA results for species and location are provided below each plot. Pseudomonadaceae (20/20.9%), Comamonadaceae (10.3/8.0%), Xanthomonadaceae (9.0/8.6%), Sphingobacteriaceae (8.1/9.5%), Enterobacteriaceae (2/1.6%) and Moraxellaceae (2.2/1.1%). Of the 46 bacterial OTUs found on 100% of individuals of at least one amphibian species, LEfSe analysis revealed that 31 OTUs were differentially abundant between frog and newt skin communities across both sites. Nineteen OTUs were more abundant on newts and 12 OTUs were more abundant on frogs, and these differences were consistent across the two sampled locations (figure 3). In multiple cases, such as an Empedobacter sp. (frogs), Acinetobacter sp. (frogs), Elizabethkingia sp. (frogs) and a Phyllobacteriaceae sp. (newts), the LEfSe-detected OTUs were nearly absent from the communities of the other amphibian group; that is, for example, the Empedobacter OTU was significantly more abundant on frogs and absent from the communities of newts on all but four individuals that showed very low relative abundances (figure 3; electronic supplementary material, figures S1 and S2). (table 3) . Many of these core members were also found to be differentially abundant between frogs and newts with the LEfSe analysis (table 3) . However, three OTUs were members of the core for all amphibian species across both sites, including a Pseudomonas fluorescens, an Albidiferax sp. and a Chryseobacterium sp. (Table 3 ).
Discussion
Cohabiting amphibian species, especially during their aquatic phase, offer the opportunity to test the effects of host factors in structuring skin microbial communities by removing extrinsic environmental factors. We hypothesized that amphibian species would harbour distinct bacterial communities, which was, in part, upheld by our results. When sampled at the same time-point, distinct communities were found to inhabit frog and newt hosts, but within these amphibian orders, the species did not have significantly different community structures. This pattern was consistent across both Elm and Kleiwiesen. We did not observe any phylogenetic patterns with respect to the microbiota of newt species (i.e. more closely related newt species did not exhibit greater similarity in their microbial communities). Our results suggest that frog and newt skins represent unique niches that promote growth of different bacterial taxa. While we cannot fully exclude differences in microhabitat preferences between frogs and newts as a factor influencing cutaneous bacterial composition, individuals of both groups are often found in the shallow edges of the ponds. The hosts probably have different mucosal components, including antimicrobial peptides, mucopolysaccharides, glycoproteins and toxins [35] [36] [37] , that can influence community structure. Similar examples of host characteristics influencing the assembly of cutaneous microbiotas have been published from other animals; for example, in Hydra, antimicrobial peptides mediate the colonization of particular bacterial taxa on the epithelial cells [38] , and in humans, microbial community structure is influenced by skin pH and moisture [39] . The newt species in the present study belong to genera that are all known to contain tetrodotoxins [40] , and at least T. cristatus also contains steroidal alkaloids [41] . Such alkaloids have been found to have antimicrobial properties [18] and could contribute to shaping the microbiota on these newts. On the other hand, Rana temporaria is known to produce antimicrobial peptides [42] [43] [44] which are not known from salamandrid newts. It is striking that the host effect is so strong that several bacterial OTUs are regularly found on all individuals and species of either frogs or newts, across the two localities, but are almost absent from individuals of the other amphibian group, respectively ( figure 3) . Newts appeared to exhibit stronger filtering: three bacterial OTUs (an Empedobacter sp., an Acinetobacter sp. and an Elizabethkingia sp.) that were abundant on frog skin were absent in nearly all sampled newts. Frogs, on the other hand, had a less drastic pattern; most OTUs exhibiting greater relative abundance on newts were still regularly present on frog, albeit in low relative abundances. All 31 differentially abundant OTUs were also detected in samples taken from the pond water and matched to bacteria from environmental samples of water or soil in BLAST searches, suggesting that environmental transmission is a major factor in shaping and maintaining amphibian cutaneous microbial communities [5] .
The observed pattern in this study also mirrors other amphibian studies where amphibians from different genera or orders have been found to have different bacterial communities [6, [10] [11] [12] [13] 45 ]. In addition, the common bacterial groups found here on European amphibian hosts (i.e. Pseudomonadaceae, Moraxellaceae, Xanthomonadaceae, Comamonadaceae, Enterobacteriaceae) were strikingly similar to the bacteria found on other amphibians globally [10] [11] [12] [13] , further suggesting that the properties of amphibian skin may act as selective forces favouring particular bacterial taxa.
Amidst the drastic differences between frogs and newts in the system studied herein, some common core OTUs were detected across all sampled amphibian species, including Pseudomonas spp. and Chryseobacterium spp., which are known to have fungal inhibiting properties [2, [46] [47] [48] and could possibly contribute to their cutaneous defence against Bd. This fungal pathogen is known to be present within these ponds [49] ; therefore, such bacteria may play a role in protection against Bd. However, since the pathogen occurs at low prevalences of up to 6% across species, it is unlikely that microbial differences among species herein were caused by Bd infection. The apparent occurrence of bacteria present on amphibians also in the environment may suggest that they are not a priori specialized. However, it remains to be tested whether specific strains, indistinguishable in the short 16S sequence used for Illumina-based amplicon studies, might have specific components within their flexible genomes that make them better colonizers of the amphibian skin. In future studies, it will be of particular interest to test if the frog versus newt strains, while identical by 16S, might have specific genomic or metabolic differences favouring colonization, e.g. by conferring resistance to the host-specific antimicrobial defence mechanisms.
